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Nanomaterials  synthesis  and  characterization  have  been  very  active 
development  fields  for  many  years,  motivated  by  the  prospect  of  extremely 
high  mechanical  properties  coupled  with  useful  plasticity  and  elevated 
temperature  properties.  We  will  briefly  review  the  history  ot  nano¬ 
materials  research,  describe  the  principal  synthesis  routes  for  particles, 
and  review  the  availability  of  consolidation  technology  capable  of  produc¬ 
ing  shapes  which  may  demonstrate  the  physical  properties  which  researchers 
have  predicted  and  expected.  We  have  concluded  from  our  review  and  from 
our  own  research  in  nanomaterials,  that  much  more  effort  now  be  invested 
in  consolidation  development  in  order  to  begin  the  commercialization  of 
nanograined  solids  as  engineering  materials.  We  will  emphasize  consolida¬ 
tion  process  efforts  which,  for  the  most  part,  seem  to  be  in  their 
infancy  with  regard  to  nanomaterials. 
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Introduction 


Nanoparticle  materials  have  been  an  active  materials  development  topic  for  ten  to  fifteen  years  - 
longer  if  one  accepts  amorphous  metals  and  rapid  solidification  rate  (RSR)  structures  as  related 
activities.  It  is  our  intent  in  this  paper  to  offer  a  brief  overview  of  such  development  efforts  and  a 
review  of  potential  nanomaterial  consolidation  methods.  Further  development  of  such  consolidation 
techniques  is,  in  our  opinion,  a  dgnificant  opportunity  which  could  accelerate  the  engineering  qjplication 
of  naiKxnateiials.  Of  course  such  consolidation  methods  must  preserve  the  nanometer  grain  sizes  of  the 
startup  materials  in  order  to  preserve  their  expected  advantages  in  physical  properties  through  scale  up 
to  engineering  application.  As  we  will  see,  there  has  been  limited  effort  to  consolidate  nanoparticles  to 
specimen  volumes  useful  for  physical  property  measurements.  We  have  been  able  to  identify  two  efforts 
to  demonstrate  commercial  prototype  applicability  for  nanoparticulate  components.  Recent 
developments  of  so  called  "fast  consolidation"  processes  provide  an  opportunity  to  consolidate 
nanoparticulate  materials  so  as  to  verify  their  (expected)  elevated  properties. 

We  will  illustrate  the  breadth  of  activity  in  nanoparticle  fabrication,  including  our  own  process, 
without  going  into  the  depth  of  chemical  process  detail  and  characterization  beneath.  Activities  in  fast 
consolidation  of  fine  particles  are  more  difficult  to  document  because  of  commercial  requirements  to 
"produce  product"  rather  than  a  detailed  technical  understanding  (and  documented  literature)  of  the 
process.  Some  consolidation  processes  while  represented  in  the  technical  literature  have  not  been 
applied  to  nanopartide  consolidation.  We  have  found  that  (again,  with  the  two  exceptions  noted  above) 
processes  which  emphasize  commerdalization  have  primarily  consolidated  more  typical  powder 
metallurgy  materials  in  the  1  to  50  mm  particle  size  range. 

The  lack  of  consolidation  activities  on  nanoparticulates  is  explained  primarily  by  a  lack  of 
suffident  quantities  of  nanoparticulate  materials  to  permit  proper  process  development  and  physical 
property  studies.  We  have  identified  at  least  10  processes  which  are  capable  of  such  consolidation.  In 
at  least  3  instances  initial  experiments  have  begun  on  nanoparticulate  consolidation. 

Nanoparticulate  Synthesis  Processes 

The  history  of  research  and  development  on  materials  having  ultrafine  structures  can  be  traced 
to  the  middle  to  late  1800's.  Sorby  and  Sauveur  in  the  early  1900's,  pioneered  the  study  of  the 
microstructure  of  steel  and  its  effect  on  physical  properties,  including  the  influence  of  martensite  (and 
its  very  fine  microstructure)  on  mechanical  properties.  These  activities  established  the  field  of  ferrous 
metallurgy  and  the  study  of  processing-microstructure-physical  property  relationships.  Nonferrous 
metallurgy  investigation  followed  very  quickly  along  with  analogous  efforts  in  notunetallic  (ceramic) 
^sterns. 

In  the  following  paragraphs,  we  detail  some  of  tins  history  emphasizing  developments  in  the 
1970's  and  1980's  when  "Rapid  Solidification  Rate"  (RSR)  processes  and  structure  were  very  actively 
explored  as  well  as  activities  up  to  the  present  time  directly  involved  with  nanomaterials  synthesis, 
consolidation,  and  properties. 

In  a  review  on  the  development  of  materials  having  "ultrafine  microstructures, "  Gleiter  (1)  points 
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out  that  the  control  of  the  microstmcture  on  a  submicroscopic  scale  has  been  recognized  for  many  years 
to  be  techiralogically  important.  He  mentions  the  work  of  early  metals  physicists  (before  the  field  of 
"metallurgy"  was  established)  such  as  Sauveur,  Sorby,  Tschemoff,  et  al  for  pioneering  work  on  the 
nature  of  ultrafine  microstructures  and  their  effects  on  macroscopic,  engineering  properties.  Some  of 
this  work  began  in  the  late  1800's  and  early  1900's.  Gleiter  (1)  cites  Wilm's  discovery  of  precipitation 
hardening  in  an  Al-Cu-Mg-Mn  alloy  in  1906  as  an  example  of  the  early  recognition  of  the  effects  of  "fine 
scale"  microstructure  on  macroscopic  properties  of  nonferrous  metals.  Sorby  and  others  as  mentioned 
above  had  already  pointed  out  the  importance  of  such  structures  on  the  properties  of  ferrous  alloys.  It 
remained  for  Merica  and  others  in  1919  to  propose  that  the  hardening  observed  by  Wilm  was  due  to  the 
precipitation  of  a  new  phase  on  a  submicroscopic  level. 

These  early  examples  of  the  recognition  of  the  influence  of  submicroscopic  structure  on  mechanical 
properties  of  metals  were  followed  in  the  1970's  by  the  successful  manipulation  of  electronic  properties 
(espedally  magnetic  effects)  of  metals  and  non  metals.  Ceramists  in  the  1980's  generated  new  materials 
on  a  nanoscale  by  the  use  of  sol  gel  synthesis,  a  continuing  area  of  activity  today.  Nanometer  scale 
dectronic  de\dces  incorporating  quantum  wdls  were  created  using  the  sol  gel  method  and  demonstrated 
important  technological  features  (2). 

One  of  the  earliest  groups  to  intentionally  fabricate  materials  with  amorphous,  metastable 
structures  was  P.  Duwez,  et  al  (3)  at  the  California  Ii^tute  of  Technology.  Their  development  of  "splat 
cooling"  was  rapidly  followed  by  other  approaches  to  ultra  fast  quenching  from  a  melt  thereby  creating 
a  group  of  techniques  termed  rapid  solidification  rate  processing  or  "RSR"  technology.  Even  though 
there  were  many  uses  for  the  amorphous  "glassy"  metals  developed  initially,  it  was  also  observed  that 
devitrification  did  not  necessarily  destroy  the  interesting  properties  of  the  amorphous  material  but  in 
some  instances  resulted  in  enhanced  properties.  Recrystdlized  amorphous  materials,  while  generally 
creating  microstructures  in  the  submicron  range  (100  to  1000  nanometers),  have  also  been  observed  to 
recrystallize  in  the  10  to  100  nanometer  range.  Examples  of  glassy  metal  systems  exhibiting 
devitrification  to  nanocrystalline  structures  are  Zr-Hf-Ni  (4),  Gd-Fe  (5),  and  Zr-Ni  (6). 

Amorphous  materials  have  found  limited  commercial  use  as  low-loss  transformer  core  materials 
and  as  specialty  braze  alloy  materials  following  the  work  of  Duwez  et  al  (3).  Their  experiments  in  very 
fiist  cooling  rates  (~  10*  "C/sec)  which  they  achieved  by  "splat  cooling,"  produced  "glassy"  or  amorphous 
metals.  An  interesting  review  of  the  development  and  commercialization  of  these  materials  was 
presented  by  J.J.  Gilman  (7).  He  describes  in  detail  the  evolution  of  glassy  metals  from  laboratory  scale 
through  the  development  of  production  scale  fabrication  technologies  to  commercial  viability  through 
an  Allied  Signal/Mhsui  joint  venture.  During  this  process,  the  Electric  Power  Research  Institute  (EPRI) 
supported  the  development  of  materials  specific  to  the  power  distribution  transformer  market.  The 
generic  product  luune  associated  with  the  Allied  Signal/^tsui  material  was  METGLAS"".  Magnetic 
shiddii^  consisting  of  woven  ribbons  of  METGLAS  was  called  METSHIELD'*  and  resulted  in  the  first 
commercially  successful  use  of  METGLAS  (7).  Braang  foils  were  the  second  followed  by  other 
aiq}lications.  For  example,  antipilferage  devices  were  developed  which  exploit  the  nonlinear  magnetic 
response  of  metallic  glasses  to  radio  waves.  One  interesting  ancillary  effect  of  amorphous  metals  was 
observed  in  the  mid  to  late  70's  at  Allied  -  the  fact  that  devitrified  glassy  metals  have  very  useful,  in  some 
cases  superior,  physical  properties  in  themselves.  Gilman  (7)  describes  the  synergistic  development  of 
DEVITRIUM**  alloys  and  their  use  in  replacing  cobalt  alloy  tool  steels  and  even  some  of  the  cobalt 
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bonded  WC  tools  having  lower  WC  contents  (i.e.  the  "high  impact”  grades). 


Savage  and  Froes  (8)  present  a  detailed  description  and  comparison  of  RSR  processes;  their 
development,  advantages  and  disadvantages.  In  this  discussion  of  RSR  technology,  th^  describe  the 
evolution  of  twenty  six  distinct  processing  routes  resulting  in  powders,  ribbon,  "splat"  particles,  flakes, 
or  surfiKe  layers  having  amorphous  or  ultra  fine  crystalline  structure.  In  most  cases  larger  particles  ( 1 0 
to  100  pm)  were  {xxxluced  which  possess  an  internal  structure  which  is  amorphous  or  microcrystalline. 
Some  amorphous  alloys  were  devitrified  to  grain  sizes  of  100  A,  or  10  nm  and  were  very  homogeneous 
(9). 


Savage  and  Froes  divide  RSR  techniques  into  two  groups;  those  which  generate  liquid  droplets 
("atomization")  and  those  which  generate  an  extended  melt  stream  or  surface  which  is  then  solidified 
rapidly  (e.g.  into  ribbons  or  foils).  Table  1  in  their  paper  ^ves  a  comprehensive  list  of  RSR  techniques, 
describes  the  morphology  of  materials  produced  and  t^hniques  that  are  particularly  suited  to  the 
different  materials. 

An  interesting,  but  little  explored,  processing  route  to  amorphous  and  crystalline  powders  is 
precipitation  fiom  electroless  and  electrolytic  plating  solutions.  Reports  of  research  in  this  area  have 
been  published  by  Meisel  (10),  Wurtz  (1 1),  and  Brenner,  et  al  (12, 13).  Particle  sizes  down  to  500  nm 
were  demonstrated,  but  this  is  currently  not  an  active  area  of  development. 

Sputtering  is  another  technology  that  is  being  explored  in  many  countries.  We  have  found 
references  to  efforts  in  Hong  Kong  (14),  Australia  (15),  the  United  States  (16-20),  Japan  (21)  and  the 
People's  Republic  of  China  (22).  No  significant  quantities  of  particles  seem  to  haye  been  produced  and 
we  can  find  no  references  to  consolidation  work  on  sputtered  nanoparticles. 

Nulling  has  been  a  popular  and  productive  approach  to  the  fabrication  of  many  microcrystalline, 
nanocrystalline  and  amorphous  materials.  An  exhaustive  review  of  these  activities  would  be  very 
lei^fhy,  but  we  diould  present  some  examples  of  this  technology.  In  Europe,  Matteazi  (23-25)  worked 
with  m/V  materials  (24),  Al  reduction  of  hematite  (a-FcjOj)  (25),  and  (with  LeCaer-23)  preparation 
of  silicides,  stannides,  germanides  and  aluminides.  Politis  (26,27)  has  explored  preparation  of 
germanides  (26,27)  and  metallic  alloying  reactions  such  as  Ti/Cu. 

In  the  United  States  many  researchers  have  used  the  milling  approach.  Representative  activities 
have  been  reported  at  the  California  Institute  of  Technology  (28,29),  North  Carolina  State  University 
(30,31)  and  the  University  of  Maryland,  Baltimore  County  (32,33).  ALCOA  (34,35)  personnel  have 
attempted  to  understand  the  evolution  of  the  mecharucal  alloying  process.  Systems  explored  include  Cr- 
Fe  (28),  Zr-Al  (29),  various  brittle  materials  such  as  Si-Ge  (30),  p-brass  from  copper  and  zinc  (3 1), 
reductimi  of  oxides,  e.g.  FejOs,  by  Al  (32),  and  AI2O3  as  an  additive  to  the  Al/FejOj  system  to  control 
themnal  energy  (33). 

Spark  erosion  is  an  evolution  of  electrical  discharge  machining  (EDM)  in  which  material  is 
removed  fitxn  a  work  piece  by  the  thermal  shock  and  local  melting  caused  by  small  arcs  (sparks)  formed 
by  passing  a  high  frequency  current  through  a  graphite  electrode  (having  the  finished  shape)  to  the 
wo^piece  (bathed  in  a  dielectric  fluid).  Exploratory  work  has  been  done  in  Japan  (36),  the  FSU  (37) 
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and  the  United  States  (38,39).  The  authors  have  demonstrated  the  feasibility  of  producing  nanoparticles 
of  tungsten  (40)  and  intermetallic  materials  (41)  using  this  technology.  We  will  describe  these  efforts 
in  more  detail  below. 

It  would  be  particularly  attractive  to  produce  nanoparticles  of  ceramic  materials  and  ceramic 
matrix  composites.  Materials  engineers  have  generally  not  been  able  to  conunercialize  monolithic 
structural  ceramics  (e.g.,  components  for  heat  en^nes  applications)  because  state  of  the  art  materials 
amply  do  not  have  adequate  strain  to  failure  and  flaw  tolerance.  An  interesting  eariy  demonstration  of 
nanq)hase  ceramics  in  the  form  of  particles  and  coatings  was  done  at  the  Air  Force  Materials  Laboratory 
by  Maztfyasni  and  Lynch  (42)  by  starting  with  alkoxides.  They  demonstrated  coatings  of  ZrOj,  Hf02, 
and  others  as  well  as  building  and  demonstrating  apparatus  to  vaporize  the  alkoxides  to  form 
particulates. 

Recoit  work  in  ceramic  materials  has  combined  both  normal  particulates  (including  "submicron”) 
and  nanoparticles  with  fast  consolidation  techniques  such  as  microwave  assisted  sintering  (43,44)  and 
planna  assisted  sintering  (4S).  It  is  interesting  to  note  that  ceramic  nanoparticulates  seem  to  be  easier 
to  consolidate  (46)  possibly  because  of  superplasticity  effects  (47). 

We  have  identified  three  routes  to  produce  rumoparticulate  ceramics:  sol-gel  synthesis  followed 
by  drying  and  crushing  or  spray  drying,  gas  phase  condensation  from  a  vapor,  and  gas  phase  reactions 
driven  by  laser  irradiation  or  furnace  deposition  (i.e.  analogous  to  chemical  vapor  deposition).  Examples 
of  ^ems  described  in  the  literature  are  diamond  particles  (as  "drug  delivery”  media)  (48),  pure  oxides 
(e.g.  AI2O3,  Zr02,  Ti02,  MgO,  Si02),  mixed  oxides  (e.g.  mullite,  carbides 

(SiC),  nitrides  (Si^J,  mixed  oxycarbides  (AljOj/SiC,  MgO/SiC),  and  mixed  cafoonitrides  (SiC/Si3N4), 
to  oxycaibonitrides  (Si-C-0=N). 

Nanophase  Technologies  (Darioi,  IL)  has  be«i  developing  the  gas  phase  condensation  approach 
(49)  in  coryunction  with  researchers  at  Argonne  National  Laboratory  (Argorme,  IL)  and  the  University 
of  Illinois  (Urbana,  IL)  (S0-S2).  They  have  synthesized  and  consolidated  TiOj  as  well  as  other  ceramics 
such  as  alumina,  chromia,  yttria,  titania,  zirconia,  silica,  ceria  in  quantities  ranging  from  grams  to 
kilograms  (AI2O3  and  titania)  having  particle  sizes  between  5-50  nm,  mostly  in  the  10-20  nm  range 
accordii^  to  company  literature.  They  produce  nanosized  clusters  of  the  desired  compounds  above  an 
evaporation  source  which  may  be  joule  heated,  sputtered  or  electron-beam  heated.  A  convection  current 
is  then  established  between  the  source  and  a  cooled  collection  plate  or  cylinder  nearby  where  the  clusters 
condense  and  are  collected.  This  technology  is  traceable  to  H.  Gleiter  in  Germany  (49)  and  has  been 
developed  by  researchers  at  Argonne  National  Laboratory  (Argonne,  111),  the  University  of  Illinois 
(Uibana,'Ill)  as  well  as  Nanophase  Technologies  (Darien,  Ill)  (50-52).  The  references  cited  emphasize 
the  fabrication,  consolidation  and  mechanical  testing  of  TiOj  nanoparticles.  Both  pressureless  and 
pressure  assisted  sintering  (to  -  99%  theoretical)  take  place  at  temperatures  (400-600°  C)  below  those 
required  for  densification  of  powders  500-1000  X  larger.  Furthermore,  surprisingly  large  deformation 
was  achieved  in  uniaxial  compression  testing  at  800-900°  C  (approx  0.5T^  -  0.6  true  strain.  This 
indicates  a  tendency  to  superplastic  flow  at  temperatures  drastically  below  those  at  which  other  ceramics 
have  exhibited  superplasticity.  Such  behavior  was  demonstrated  for  nanocrystalline  TiB2  in  Ref  44. 
Nanophase  also  produces  nanometer  particles  of  various  metals  (e  g.  Cu,  Ag,  Al,  Ni  and  Au)  and  can 
fiimish  some  of  them  dispersed  in  a-Terpenol. 
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There  are  many  theoretical  reasons  to  suggest  that  moving  to  a  finer  particle  size  will  improve 
both  processing  and  property  characteristics  of  structural  ceramic  parts.  In  particular,  grain  sizes  below 
one  micron  permit  plastic  ddbrmation  of  some  material  systems  at  rates,  temperatures  and  pressures  that 
make  forging  of  c^amic  parts  a  possibility  on  an  industrial  basis.  At  this  time,  consolidation  of  single 
phase  nanophase  powders  to  full  density  while  maintaining  nanometer  grain  size  is  a  difficult  problem 
due  to  the  inherent  metastability  of  the  powders  and  a  strong  tendency  for  rapid  grain  growth.  A 
Nanophase  Technologies  Corporation  ATP  project  is  approaching  this  problem  by  characterizing  the 
processing  and  properties  of  multiphase  oxide  systems.  Mutually  insoluble  grains  can  stabilize  each 
other  {gainst  grain  growth,  providing  full  density  while  maintaining  a  nanometer  grain  size.  The  ultimate 
goal  of  this  project  is  the  fobrication  of  engine  and  manufocturing  process  ceramic  parts  through  forging, 
largely  eliminating  the  costs  and  technical  drawbacks  of  machining  (S3). 

Z1O2  (54)  and  YjOj  (55)  stabilized  ZrOj  particles  have  been  prepared  by  sol  gel  techniques  and 
then  sintered  or  hot  pressed  by  conventional  techniques.  Y2O3  stabilized  ZrOj  particles  (55)  40  nm  in 
^  coarsened  to  70  nm  on  annealing  at  The  powder  was  then  hot  pressed  in  an  alumina  die 

without  cold  forming.  The  powder  (under  23  MPa  pressure)  was  then  heated  to  between  1290  and 
ISTO^K  hold  temperatures  for  60  minutes.  The  authors  studied  densification  kinetics  and  determined 
that  full  density  could  be  reached  at  temperatures  of  ISOO^K  to  IfiOO^K  with  "minimal  grain  growth" 
although  the  authors  present  no  microstructures  of  fully  dense  material. 

Laser  irradiation  of  gaseous  mixtures  has  al^  been  demonstrated  to  produce  nanoparticles  by 
French  researchers  for  SiC  (56)  and  by  Japanese  researchers  for  SiC/SijN4  (57).  They  also  refer  to  other 
laser  synthesis  activities  in  the  literature  to  produce  particles  of  B4C,  B,  TiB2,  S-C-N,  Fe-Si-C,  FeSi2, 
Ti02,  and  ZrB2.  In  the  case  of  pure  SiC,  30  grams  per  hour  up  to  100  grams  per  hour  were  produced 
with  particle  sizes  ranging  from  10-50  nm  (equiaxed)  and  having  a  narrow  size  distribution  depending 
on  laser  intoiatv,  gas  pressure  and  flow  rate.  Many  details  of  the  chemistry  and  the  characterization  of 
the  powders  are  presented  but  no  consolidation  experiments  were  reported. 

The  chonistry  of  SiC/SijN4  nanocomposite  particles  (57)  could  be  controlled  over  a  wide  range 
of  carbon  and  nitrogen  contents  (0-30  wt%).  Particle  sizes  ranged  from  5-10  nm  up  to  100-200  nm 
depending  on  consistent  gas  flow  rates.  Amorphous  phases  (Si,  a-SijN4,  P-Si3N4)  were  also  observed 
under  some  conditions.  Specific  surfiice  area,  SEM-TEM,  XPS,  EELS  and  XRD  characterization  of  the 
various  powders  produced  are  related  to  preparation  parameters.  As  in  Ref  55  no  consolidation  work 
was  reported. 

An  example  of  chemical  vapor  deposition  synthesis  of  nanoparticles  was  presented  by  French 
researchers  (58).  They  deposited  200-300  pm  thick  coatings  of  SiC/TiC  onto  Mo  substrates.  Either 
nanocon^>osites  or  microcomposites  were  obtained  depending  on  dq>osition  conditions.  Needlelike  TiC 
was  produced  in  all  cases  but  in  one  deposition  parameter  re^me  they  were  8  to  10  nm  thick  with 
lengths  up  to  300  nm.  Needles  were  always  oriented  with  long  axes  parallel  to  the  growth  direction 
(perpendicular  to  the  substrate). 

In  more  recent  studies  (40,41)  researchers  at  MMI  have  used  the  pulsed  reactive  electrode  (PRE) 
method  to  synthesize  nanoparticles  of  W,  W-2%Th,  Ta,  NiAl  and  FeAl.  They  have  used  electrodes 
immosed  in  dielectric  fluids  to  create  nanoparticles  that  range  from  10-100  nm.  These  researchers  also 
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found  that  they  could  produce  whiskers,  platelets  and  spherical  powders  depending  on  the  choice  of  the 
process  conditions.  They  attributed  this  flexibility  to  the  inherent  process  conditions  of  the  electrodes 
and  are  ctHitinuing  to  research  in  this  area.  They  aim  to  produce  quantities  exceeding  S-8  Kg/day  from 
a  sin^e  machine  that  is  designed  specifically  for  the  creation  of  nanoparticles.  This  machine  will  also  be 
capable  of  producing  most  metals,  conductive  ceramics  and  composites. 

In  testimony  to  the  interest  of  materials  engineers  in  nano-sized  materials,  some  companies  have 
begun  to  provide  such  materials  on  a  commercial  basis.  We  list  them  below  with  brief  descriptions  of 
materials  available  and  the  technology  used  to  fabricate  them.  We  make  no  efforts  to  describe  the 
characteristics  of  these  materials  or  to  comment  on  the  companies  themselves,  lest  one  or  another  such 
description  appear  critical  and  to  prevent  one  or  another  such  description  from  appearing  to  endorse  or 
favor  one  company  over  another.  We  have  included  two  companies  which  provide  "micron"  and  "sub¬ 
micron"  materials  as  well. 

Fujimi  America  (Wilsonville,  OR)  -  parent  company,  Fujimi,  Inc.,  (Nagoya,  Japan)  provides 
"precision  classified"  powders  down  to  the  submicron  particle  size  range  (S9).  Al^Oj  is  produced  in 
Oregon  and  SiC  is  also  available.  Thdr  powders  are  being  used  as  component  materials  in  metal  matrix 
and  ceramic  matrix  composites,  microdectronic  packaging,  computer  heads  and  as  wear  resistant  fillers 
for  paints  coatings  and  papers. 

Micron  Powder  Systems/Hosokowa  Micron  International  Inc.,  (Summit,  NJ)  manufactures  a 
piece  of  equipment  which  incorporates  a  stationary  "shoe"  and  a  scraper  enclosed  within  a  rotating  drum 
chamber.  Particles  of  material  to  be  reduced  and  or  mixed  are  held  against  the  chamber  wall  and 
subjected  to  compression,  shearing,  attrition  and  rolling  forces  which  are  determined  by  the  clearance 
between  the  shoe  and  the  chamber  well. 

Nanodyne  is  the  world's  only  manufocturer  of  Nanograin^  composite  powders  whose  WC  grain 
sizes  are  20  to  40  nm,  which  are  10  to  20  times  smaller  than  those  available  in  the  finest  conventional 
micrograin  powders.  In  Nanodyne's  spray  conversion  process,  Nanocarb™  powder  is  made  by  first 
drying  an  aqueous  solution  of  salts  of  tungsten  and  cobalt  to  make  a  precursor  powder.  This  powder 
is  then  converted  by  a  series  of  thermodynamically  controlled  gas/solid  reactions  to  produce  powder 
whose  WC  grain  size  is  independent  of  particle  size.  A  typical  powder  particle  consists  of  a  hollow, 
porous  75  micron  sphere  containing  hundreds  of  millions  of  WC  grains  in  a  cobalt  matrix.  Because  the 
process  b^jns  with  a  solution,  the  constituents  of  Nanocarb  powder  are  mixed  on  the  molecular  level. 
There  is  no  milling  involved  and  the  process  is  sealed  to  the  environment  from  the  start.  Other  binders 
which  may  be  used  besides  cobalt  include  nickel  and  iron.  Products  made  from  Nanocarb  powder  have 
an  extremely  fine  grain  size  and  uniform  microstructure  and  are  much  harder  at  a  given  toughness  and 
toutin’  at  a  given  hardness  than  products  made  from  conventional  micrograin  powders.  Hardness  of 
parts  made  from  Nanocarb  11%  Co  powder  equals  that  of  the  finest  conventional  7%  Co  powders. 
Nanodyne's  current  production  capability  exceeds  100  tons  per  year.  Companies  are  now  evaluating  the 
powders  for  printed  circuit  board  drills,  industrial  rotary  cutting  tools,  indexable  cutting  inserts,  wear 
parts,  mining  tools,  and  thermal  spray  coatings  (60). 

A  former  Soviet  Union  (FSU)  company.  Server  (Talinn,  Latvia)  has  advertised  metal  powders 
available  in  grams  to  kilogram  quantities  produced  by  an  exploding  wire  technique.  Elemental  metals. 
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alloys  and  some  compounds  are  available  -  the  latter  by  producing  the  reaction  in  the  presence  of 
nitrogen.  Particle  azes  are  in  the  0. 1-0.5  micron  range  (100-500  nm).  Materials  mentioned  specifically 
are  aluminum  nickel-chromium  alloy,  copper,  tungsten,  tantalum,  iron  nickel,  molybdenum,  niobium, 
titanium,  a  copper-tin  alloy  and  a  copper-zinc  alloy.  They  claim  a  plant  production  rate  of  200 
grams/hour  of  aluminum  and  up  to  1000  grams  per  hour  of  tungsten. 

A  brief  review  of  ceramic  nanostructured  materials  was  published  in  1986  (63).  The  authors 
describe  what  may  be  generally  termed  preceramic  polymer  process  routes.  They  mention  hydrolysis 
of  sol  gels,  thennal  decomposition  of  organo-metallic  polymer,  wet  chemical  processing,  hydrothermal, 
flame/plaana  spray,  and  spray  decomposition,  presenting  49  references  which  give  details  on  the  major 
approaches.  A  cursory  research  of  the  literature  reveals  the  following  ceramic  nanostructured 
compounds  in  addition  to  those  mentioned  above  (Pb,  Ba)  TiOj,  CeOj,  AljOj,  mica  based  glass  ceramics, 
AljOj  -  SiC  and  mullite. 

We  nuiy  summarize  the  availability  of  nanoparticle  materials  in  the  US  by  stating  that  there  are 
two  companies  -  Nanophase  Technologies  and  Nanodyne  which  are  offering  materials  for  sale  and  are 
developing  consolidation  processes. 

Fast  Consolidation  of  Fine  Particles 

In  attempting  to  predict  nano  material  mechanical  properties,  it  is  tempting  to  invoke  the  Hall- 
Petch  (62,63)  relationship  between  yield  stress  and  grain  size  of  a  material; 

o  =  o„  +  fd’*'^ 

where  a  is  the  yield  stress,  is  the  lattice  frictional  stress  which  must  be  overcome  for  dislocation 
movement,  f  is  a  constant,  and  d  is  the  grain  size.  If  yield  stress  (or  a  property  related  to  yield  stress 
such  as  hardness)  is  plotted  vs  d''^,  a  straight  line  with  positive  slope,  f,  results  if  the  Hall-Petch 
relationship  is  valid.  There  may  be  a  limit  to  the  use  of  this  relationship,  however,  when  grain  sizes 
become  small  (<l  pm)  implying  that  the  volume  fraction  of  grain  boundary  or  interface  structure 
becomes  appreciable  -  and  begins  to  significantly  influence  mechanical  properties.  Chokshi,  et  al 
(64)  show  that  microhardness  measurements  on  OFHC  coarse  grained  copper  (d  between  4  and  25 
pm)  at  ambient  temperature  are  consistent  with  the  Hall-Petch  relationship.  In  contrast, 
nanocrystalline  copper  (d  between  6-16  nm)  hardness  data,  while  falling  on  a  straight  line  plot  vs  d' 
exhibit  a  negative  slope  with  decreasing  grain  size.  Microhardness  data  for  nanocrystalline 
palladium  behave  similarly  to  copper.  The  authors  rationalize  these  data  on  the  basis  of  dil^sional 
creep  occurring  across  or  along  grain  boundary  regions  aided  by  the  stress  exerted  by  the  indentation 
process.  They  show,  by  order  of  magnitude  calculation  using  the  Coble  creep  expression  that  the 
deformation  rate  of  nanocrystalline  copper  by  this  mechanism  should  be  comparable  to  or  greater 
than  plastic  deformation  due  to  intragranular  dislocation  motion.  The  latter  mechanism  is  the 
primary  response  to  hardness  measurements  in  materials  where  d^  1  pm.  Indeed  we  may  speculate 
that  this  is  one  of  the  contributing  mechanisms  to  rapid  deformation  at  much  lower  temperatures  than 
"normal"  which  can  aid  in  near  net  shape  forming  of  nanocrystalline  materials  including  ceramics 
(46,52). 
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Two  consolidation  techniques  currently  being  developed  are  (pressureless)  niicrowave  assisted 
sintering,  and  plasma  activated  sintering  (PAS).  Major  proponents  of  these  technologies  are 
Northwestern  University  -  microwave  sintering  and  the  University  of  California  (Davis,  CA)  -  plasma 
activated  sintaing.  Both  of  these  technologies  incorporate  "fast"  processes,  i.e.  minutes,  not  hours,  to 
achieve  essentially  theoretical  densities.  This  very  short  time  is  important  for  two  reasons  First, 
economic  viability  must  incorporate  short  turn  around  times  and  near  net  shape  capabilities.  Advanced 
materials  processing  and  fabrication  is  evolving  in  this  direction.  Second,  short  times  and  low(er) 
temperatures  are  needed  both  to  conserve  energy  (again,  minimize  cost)  and  minimize  grain  growth  of 
extnanely  fine  (and  very  active)  particles.  Aside  from  the  obvious  difference  that  the  U.C.  Davis  process 
incorporates  uniaxial  pressure,  both  processes  take  advantage  of  microwave  activation  of  surfaces  of 
particles,  an  effect  which  has  an  uncomplicated  name  but  whose  phenomenology  is  very  poorly  described 
or  understood.  Detailed  descriptions  of  both  processes  follow. 

Sinterii^  of  materials  in  the  presence  of  a  plasma  has  been  researched  since  1 968  (65).  During 
the  past  10-12  years,  D.L.  Johnson,  et  al,  at  Northwestern  University  (Evanston,  IL)  performed 
extensive  work  on  the  sintering  of  oxides  in  the  presence  of  plaanas  (66,67).  Their  process  development 
has  emphasized  AI2O3.  References  68  and  69  present  examples  of  fabrication  experiments  on  MgO 
doped  Al^Oj  having  very  fine  grain  size  (submicron-0.3  pm.  Ref  68  and  high  surface  area  -  30  m^/g.  Ref 
69y  MgO  contents  woe  0.25  wt%  in  both  cases.  Plasmas  were  either  argon  (68)  or  nitrogen  (69)  and 
were  supported  by  high. frequency  generators  (5  MHz/argon,  25-40  MHz/nitrogen).  The  specimens 
were  dried  (excessive  water  vapor  could  quench  the  plasma)  and  isostatically  pressed.  Densification  was 
accomplished  by  translating  the  pressed  rods  or  tubes  through  the  plasma  zone,  a  "zone  sintering" 
process,  while  rotating  the  specimen  to  promote  temperature  uniformity.  Undoped  AJjOj  did  not  reach 
full  density  (96%)  nor  did  it  reach  the  same  density  as  MgO  doped  AljOj  treated  similarly  (98%)  (68). 

Other  efforts  have  attempted  to  optimize  some  of  the  sintering  parameters  and  correlate  this  with 
the  microstructural  features  such  as  grain  size,  porosity,  typd  /  distribution  /  amount  of  the  porosity  (69). 
The  authors  relate  ^er  density  and  final  (avg)  grain  size  to  plasma  gas  pressure,  sintering  temperature 
and  total  time  (at  one  gas  pressure).  Sintered  densities  ranged  from  slightly  less  than  99%  to  99  8%  of 
theoretical  at  a  sintering  time  of  800  to  1000  seconds  with  a  final  grain  size  of  5  to  10  pm  in  rod 
specimens. 

Japanese  researchers  (70)  have  studied  the  sintering  of  Si3N4  "ultrafine,  amorphous  powder  (30 
nm)"  in  a  plasma  of  Nj/Hj.  They  observed  no  densification  beyond  the  50  to  55%  achieved  by  cold 
pressing.  Grains  grew  to  0.3  pm  near  the  surface  of  a  5  mm  diam.  x  1  mm  thick  compact  when  heated 
for  1  min  at  approximately  1900°C.  Temperatures  were  obtained  from  extrapolation  of  cooling  curves. 
Weight  loss  and  changes  in  the  ratio  of  a-Si3N4  to  P-Si3N4  were  observed.  The  30  nm  particles  were 
produced  by  a  plasma  synthesis  process.  No  SEM  or  TEM  characterization  of  starting  powder  particles 
was  presented. 

A  research  team  at  the  University  of  California  (Davis,  CA)  has  been  exploiting  a  plasma 
sintering  process  (equipment  built  by  Sodick  Inc.,  Yokohama,  Japan)  in  which  the  compaction  is 
accelerated  by  the  application  of  up  to  50  MPa  uniaxial  pressure  to  the  consolidating  body  (45).  In 
contrast  to  the  Northwestern  group  the  U.C.  (Davis)  team  has  explored  metals,  intermetallics,  oxides, 
and  covalently  bonded  materials  such  as  SiC  and  AIN  (45).  They  have  consolidated  materials  with 
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average  particle  sizes  from  0.1  to  44  pm  including  mechanically  alloyed  materials  -  all  apparently 
retaining  close  to  the  starting  particle  size  in  the  consolidated  specimen.  They  have  also  consolidated 
nanophase  (mechanically  alloyed)  NbjAl  (71). 

It  is  encouraging  that  the  PAS  process  is  used  commercially  in  Japan  by  Matsushita,  Inc.  for 
producing  hard  magnet  materials  (72).  In  the  PAS  process,  densification  is  achieved  by  a  combination 
of  resistance  heating  with  pressure  application  and  plasma  generation  among  the  powder  particles.  The 
loose  powders  are  loaded  in  a  graphite  mold  and  die  unit  followed  by  a  modest  uniaxial  pressure  and  a 
pulsed  dectrical  discharge  application.  Typically,  the  uniaxial  pressure  is  in  the  order  of  1 0-1 S  MPa  and 
the  dectrical  dischaige  of  7S0  A  and  2S  V  is  applied  for  30  seconds  in  equal  on  and  off  pulses  of  80  ms. 
In  the  next  step,  a  high  DC  current  (600-2000  A)  promotes  joule  heating  of  the  powder  particles  while 
the  same  or  different  pressure  level  is  applied.  The  time  for  high  temperature  and  pressure  application 
is  short,  usually  in  the  order  of  minutes  to  reach  full  densification.  Materials  that  have  been  PAS 
consolidated  include  difiScult-to-sinter  materials  such  as  covalent  ceramics,  oxygen  sensitive  intermetallic 
compounds  and  superconductors.  For  instance,  PAS  consolidation  to  near  theoretical  density  of 
ddiberatdy  additive-free  AIN  powders  was  recently  reported  to  take  place  in  5  minutes  (45).  This  very 
short  time  exposure  at  high  temperature  permitted  full  densification  with  minimum  microstructural 
changes.  In  particular,  the  initial  submicron  grain  size  of  A1  powders  was  retained  in  the  final 
microstructure. 

There  are  other  examples  of  developing  fast  consolidation  technology.  Explosive  forming  has 
been  successful  in  bonding  of  layers  or  discrete  plates  of  metallic  materials.  However,  many  attempts 
to  consolidate  particles  of  metals,  ceramics  and  metal/ceramic  composites  have  not  been  successful  in 
that  an  in-homogeneous  and  usually  cracked  body  results.  There  are  some  variations  on  the  theme  of 
"fest  HIPing"  (fest,  hot  isostatic  pressing)  which  are  achieving  success  -  mostly  with  powdered  metals, 
but  sometimes  with  ceramics  and  ceramic/metal  composites.  The  latter  two  types  of  materials  are 
decidedly  more  difficult  to  consolidate  to  full  density.  It  is  important  to  remember  that  except  for  one 
type  of  process  (two  companies)  to  be  described,  the  other  fast  HIPing  processes  are  only  quasi- 
isostadc,  i.e.  there  is  a  crystalline  solid  or  molten/solid  pressure  transmitting  medium.  The  consolidation 
activities  we  will  describe  briefly  are. 

♦  Ceracon,  Inc. 

♦  Superior  Graphite  Co. 

♦  Boride  Products  (Dow  Chemical  Co.) 

♦  Forged  Performance  Products,  Inc.,  and 

4  Conaway  Technologies,  Inc. 

All  are  commercial  operations  and  all  have  emphasized  metals,  at  least  initially,  and  have  attempted 
MMC  and  some  ceramics. 

Ceracon  (Sacramento,  CA)  has  developed  and  is  commercializing  a  fast  quasi-isostatic  HIP 
process  t^ch  uses  a  granular  ceramic  material  as  the  pressure  transmitting  medium  rather  than  the  gases 
used  in  classical  HIP  autoclaves.  A  preform  of  the  material  to  be  consolidated  is  preheated  and 
transferred  to  the  die  containing  the  hot  ceramic  medium.  Pressure  is  then  applied  uniaxially  (single 
acting  ram)  to  the  ceramic  medium  which  transmits  the  pressure  quasi-isostatically  to  the  preform. 
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Canning  may  or  may  not  be  necessary  depending  on  temperature  of  consolidation  and  potential 
preform/medium  interactions.  Pressures  as  high  as  180,000  psi  (1.24  GPa)  can  densify  metals  and 
possibly  intermetallics  in  1  or  2  minutes.  Ceracon  has  worked  with  many  metals,  intermetallics  and  some 
metal  matrix/ceramic  particle  composites  including  cemented  carbides. 

Superior  Graphite  (Chicago,  IL)  in  cooperation  with  the  Basic  Industry  Research  Lab  (BIRL) 
of  Northwestern  University  (Evanston,  IL)  has  developed  a  process  called  Electroconsolidation.  The 
inessure  transmitting  medium  (graphite)  permits  the  part  preform  to  be  heated  much  more  uniformly  (by 
Joule  heating  of  the  gn^hite)  and  eliminates  the  tedious  separate  heating  of  the  preform  in  the  Ceracon 
process.  However,  one  must  coat  the  preform  (e.g.  with  BN)  to  protect  it  from  reaction  with  the 
graphite.  Temperatures  to  3000°C  are  possible  and  a  100  metric  ton  uniaxial  press  is  available.  Inert 
gas  atmospheres  can  be  circulated  through  the  pressure  transmitting  medium.  Again,  cycle  times  of 
minutes  are  achievable.  A  special  grade  of  graphite  grain  was  developed  for  this  process  which 
withstands  repeated  cycles  and  transmits  pressure  very  effectively  without  sintering  -  a  problem  which 
limits  the  operating  temperature  and  total  time  for  the  Ceracon  media  before  recycling  is  necessary. 
Superior  has  consolidated  SiC  and  Nd-Fe-B  magnet  materials.  Reference  73  describes  recent  advances 
in  the  electroconsolidation  process. 

The  Dow  Chemical  Co.  has  been  commercializing  an  inorganic  "fluid  die"  fast  forging  process 
termed  rapid  omnidirectional  compaction  (ROC).  A  preform  (up  to  60-70%  dense)  is  preheated  and 
then  embedded  in  or  surrounded  by  a  ceramic  material  which  when  heated  to  the  consolidation 
tempoature  will  become  molten.  At  this  point  uniaxial  pressure  can  be  increased  to  more  than  200,000 
psi.  The  molten  material  surrounding  the  preform  acts  as  a  quasi-isostatic  pressure  transmitting  medium 
which  permits  lower  processing  temperatures  -  but  not  so  low  that  potential  interaction  with  the  fluid 
die  medium  can  be  ignored.  Processing  times  are  of  the  order  of  minutes  similarly  to  the  Ceracon  and 
Superior  Graphite  technologies. 

There  are  at  least  two  fast  HIPing  processes  that  preserve  the  truly  isostatic  nature  of 
conventional  HIP  in  that  they  utilize  hot  gases.  These  processes,  also  termed  hot  isostatic  forging,  are 
practiced  by  Forged  Performance  Products,  Inc.  (Oak  Ridge,  TN)  and  by  Conaway  Technologies,  Inc. 
(Dublin,  OH).  Both  processes  involve  proprietary  equipment  designs  which  permit  very  rapid  increases 
in  pressure  within  the  chamber  containing  the  preform.  Of  course,  canning  or  presintering  to  closed 
porosity  are  still  required  for  both  processes.  Conaway  Technology  claims  to  have  developed  a  process 
called  "Quick  Can"  which  has  drastically  reduced  canning  time  and  cost  in  order  to  address  this  problem. 

Forged  Performance  Products  (FPP)  equipment  can  reach  pressures  of 60,000  psi  on  components 
preheated  to  1 100  to  1 1  SO^C  in  a  separate  furnace.  They  have  emphasized  consolidation  of  metals  such 
as  Ti  alloys  and  tool  steels  which  have  been  hot  isostatically  forged  (HIF)  to  99.5%  of  theoretical 
densities  of  68  to  78%  (cold  isostatically  pressed).  FPP  has  also  experimented  with  SiCp/Ti  composites 
as  wdl  as  Y2O3  and  AljOj  ceramics.  As  with  other  "fast"  consolidation  processes,  time  under  pressure 
is  2  to  10  mimites.  Process  temperature  reductions  of  100  to  400’’C  have  been  observed  for  HIF  with 
re^rect  to  conventional  HIP  temperatures  for  the  same  materials. 

Conaway  Technologies'  version  of  hot  gas  forging  is  called  "Quick  HIP."  They  claim  pressure 
capabilities  to  either  100,000  psi  or  20,000  psi  in  two  chambers  both  of  which  have  internal  furnaces 
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capable  of  at  least  1300°C.  Pressure  transmission  media  are  hot  gases  or  particulates  such  as  AI2O3  and 
graphite.  Metals,  intermetallics,  and  intermetallic  composites  (Ni  aiuminide  +  ZrOj)  have  been 
consolidated  to  full  density  at  temperatures  up  to  1050°C  and  pressures  of  60,000  psi  for  1  minute. 
Their  20,000  psi  chambo'  can  contain  components  approximately  5  inches  in  diameter  by  8  to  10  inches 
long,  while  the  100,000  psi  chamber  is  limited  to  components  2  inches  diameter  by  4  inches  long. 
Process  economics  and  process  theory  are  discussed  by  R.  Conaway  (74,75).  Lin  and  German  (76) 
present  a  comparison  of  Quick  HIP  with  other  sinter  and  HIP  processes  to  fabricate  carbonyl  iron 
powder,  preformed  by  PIM.  They  found  comparable  or  elevated  properties  for  specimens  presintered 
at  1200"C  followed  by  (^ck  HIP  at  805“C  and  500  MPa.  Total  Quick  HIP  time  was  less  than  1  hour, 
while  conventional  HIP  time  was  3  hours  including  1  hour  at  maximum  temperature  and  pressure  with 
the  same  preform  treatment  as  for  Quick  HIP. 


Summary 

The  rapid  increase  in  the  number  of  research  efforts  devoted  to  the  study  of  nanomaterials  has 
resulted  in  the  development  of  a  number  of  both  conventional  and  unconventional  approaches  to  their 
synthesis  and  consolidation.  Without  referring  to  RSR  or  amorphous  materials  technology,  we  may 
summarize  the  routes  for  synthesis  as  follows; 

4  milling/mechanical  alloying, 

4  sputtering, 

4  laser  ablation, 

4  spark  erosion  /  pulsed  reactive  electrode, 

4  sol  gel, 

4  ,  vapor  condensation,  and, 

4  spray  atomization. 

Unfortunately,  very  few  of  these  routes  are  capable  of  even  modest  scale  up  to  produce 
kilograms  of  matoial  which  may  be  consolidated  so  that  physical  properties  may  be  measured.  At  this 
time,  the  milling  approach  has  progressed  to  the  point  where  hundreds  of  grams  (perhaps  a  kg)  may  be 
produced.  Questions  of  contamination,  composition  control,  cost  effectiveness  and/or  further  scale  up 
capability  remain. 

Two  commercialization  efforts  are  under  way  as  described  above,  which  include  both 
nanoparticle  production  and  consolidation.  We  will  have  to  awmt  additional  open  literature  information 
so  as  to  judge  their  closely  held,  essentially  proprietary  efforts.  As  described  in  the  references  given, 
these  efforts  represent  vapor  phase  condensation  and  a  "wet  chemical  -  spray  atomization"  approach. 
It  is  encouraging  that  one  of  these  companies  offers  nanomaterials  for  sale. 

University  and  commercial  facilities  are  pursuing  consolidation  technologies  for  fine  particles 
including  nanoparticle  materials.  Such  facilities  and  their  technologies  (available  in  the  open  literature) 
ve; 
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♦  Northwestern  University  -  microwave  sintering. 

♦  University  of  Kentucky  -  electrodischarge  compaction. 

♦  University  of  Califomia/Davis  -  Plasma  and  pressure  assisted  sintering. 

4  Superior  Graphite  -  electroconsolidation. 

^  Dow  Chemical  Company  >  Rapid  Omnidirectional  Compaction  (ROC). 

4  Ceracon  >  quasi-isostatic  compaction. 

^  Forged  Performance  Products  -  hot  gas  for^ng. 

^  Conaway  Technologies  -  hot  gas  for^ng. 

Each  technology  has  promise  -  and  limitations  -  in  the  consolidation  of  nanoscale  particulates. 
The  quasi-isostatic  and  hot  gas  forging  technologies  seem  to  be  very  effective  for  small  (e  g.  mechanical 
properties)  specimens.  However,  those  processes  depending  on  media  other  than  gases  have  been  shown 
to  have  scaleability  prd)lems.  The  two  hot  gas  forging  techniques  remain  to  be  adequately  demonstrated 
on  nanopaiticles.  The  same  can  be  said  of  the  U.  of  Califomia/Davis  process  which  though  using  a 
commox^  piece  of  equipment  (a  plus),  also  must  be  demonstrated  on  more  nanoparticle  compositions 
and  on  mechanical  test  specimen  sizes.  The  ability  to  scale  up  this  technique  to  deal  with  production 
sized  parts  is  also  a  near-term  requirement. 

The  challenge  of  commercialization  of  structural  nanoparticle  materials  clearly  lies  in  scaling  up 
particle  production  technologies  so  that  available  consolidation  technologies  can  be  further  challenged 
and  tested.  The  authors  of  this  paper  intend  to  add  one  more  particle  production  technology  termed  as 
"pulsed  reactive  electrode  (PRE)"  into  the  commercial  domain  in  the  next  one  to  two  years.  We  hope 
to  challenge  the  two  facilities  which  seem  to  have  the  clear  lead  in  commercialization  efforts  currently; 
Nanophase  Technologies  and  Nanodyne  as  the  PRE  technology  will  have  the  ability  to  form  a  wide  range 
of  metals,  ceramics  and  composites. 
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1  Mr.  Bill  Baker 

Phillips  Bmet,  1560  Lisbon  Road,  Lewiston,  ME  04240 
1  ATTN:  Mr.  James  Anderson 

Ultramet,  Inc.,  12173  Montague  Street,  Pacoima,  CA  92331 
1  ATTN:  Mr.  Brian  Williams 

1  Or.  Robert  Tuffias 

Ceracon,  Inc.,  1101  N.  Market  Boulevard,  Suite  9,  Sacramento,  CA  95834 
1  ATTN:  Or.  Ramas  Raman 

1  Mr.  Sundeep  Rele 
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Southwest  Research  Institute,  6220  Culebra  Road,  P.O.  Drawer  28S10, 

San  Antonio,  TX  78228-0510 
1  ATTN:  Or.  James  Lankford 

Dr.  Herve  Couque 
Or.  Charles  Anderson 

Metalworking  Technology,  Inc.,  1 450  Scalp  Avenue,  Johnstown,  PA  1  5904 
1  ATTN:  Mr.  C.  Buck  Skena 

1  Mr.  Timothy  McCabe 

Research  Triangle  Institute,  P.O.  Box  12194,  Research  Triangle  Park,  NC  27709-2154 
1  ATTN:  Dr.  John  B.  Posthill 

3C  Systems,  620  Arglye  Road,  Wynnewood,  PA  1 9096 
1  ATTN:  Mr.  Murray  Kornhauser 

Advance  Technology  Coatings,  300  Blue  Smoke  Ct.  West,  Fort  Worth,  TX  761 05 
1  ATTN:  Dean  Baker 

Alliant  Techsystems,  7225  Northland  Drive,  Brooklyn  Park,  MN  55428 
1  ATTN:  Dr.  Stan  Nelson 

1  Mr.  Mark  Jones 

SPARTA,  Inc.,  CAMDEC  Division,  2900-A  Saturn  Street,  Brea,  CA  92621-6203 
1  ATTN:  John  A.  Brinkman 

Defense  Technology  International,  Inc.,  The  Stark  House,  22  Concord  Street,  Nashua, 

NH  03060 

1  ATTN:  Mr.  Douglas  Ayer 

Materials  and  Electrochemical  Research  Corporation,  7960  S.  Kolb  Road, 

Tuscon,  AZ  85706 
1  ATTN:  Dr.  James  Withers 

1  Dr.  Sumit  Guha 

Materials  Modification,  Inc.,  2929-PI  Eskridge  Center,  Fairfax,  VA  22031 
1  ATTN:  Dr.  T.  S.  Sudashan 

Micro  Materials  Technology,  120-D  Research  Drive,  Milford.  CT  06460 
1  ATTN:  Dr.  Richard  Cheney 

Nuclear  Metals,  2229. Main  Street,  Concord,  MA  01742 
1  ATTN:  Dr.  William  Nachtrab 

Olin  Ordnance,  10101  9th  Street  N.,  St.  Petersburg,  FL  33701 
1  ATTN:  Hugh  McElroy 

The  Pennsylvania  State  University,  Department  of  Engineering  Science  and  Mechanics, 

227  Hammond  Building,  University  Park,  PA  16802-1401 
1  ATTN:  Dr.  Randall  M.  German,  Professor,  Brush  Chair  in  Materials 
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Worcester  Polytechnic  Institute,  TOO  Institute  Road,  Worcester,  MA  01609 
1  ATTN:  Or.  Ronald  Biederman 

1  Or.  Richard  Sisson  ^ 

1  Or.  Chickery  Kasouf 

1  Or.  Oavid  Zenger 

Failure  Analysis  Associates,  Inc.,  149  Commonwealth  Drive,  P.O.  Box  3015,  Menlo  Park, 

CA  94025 

1  ATTN:  S.P.  Andrew 

1  R.D.  Caliguri 

1  T.K.  Parnell 

1  L.E.  Eiselstein 

Amorphous  Technologies  International,  Laguna  Hills,  CA  92653 
1  ATTN:  Mr.  Dick  Harlow 

Parmatech  Corporation,  2221  Pine  View  Way,  Petaluma,  CA  94952 
1  ATTN:  Dr.  Animesh  Bose 

Stiglich  Associates,  P.O.  Box  206,  Sierra  Madre,  CA  91025 
1  ATTN:  Dr.  Jack  Stiglich 

Northwestern  University,  Department  of  Engineering  Sciences  and  Applied  Mathematics, 

Evanston,  IL  60208 

1  ATTN:  Dr.  W.  Edward  Olmstead 

Director,  U.S.  Army  Research  Laboratory,  Watertown,  MA  02172-0001 

2  ATTN:  AMSRL-OP-WT-IS,  Technical  Library 

1  AMSRL-OP-WT-IS,  Visual  Information  Unit 

1  AMSRL-OP-PR-WT 

20  AMSRL-MA-CD,  Dowding  COR 


